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Spin-polarized Auger electrons in core-valence-valence decays of 3d impurities in metals
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The spin polarization of the emitted electrons from 3d impurities in simple metal hosts in a core-valence-
valence Auger process is analyzed in terms of a first-principles density-functional theory approach, by using
the golden rule. The relationship between the spin-dependent local density of states, the magnetic moments of
the 3d atoms and the energy-dependent and total spin polarization of the Auger electrons is discussed. It is
shown how to estimate the magnetic moment of the impurities from a measure of the total spin polarization of
the Auger electrons. This can be achieved considering (i) that the Auger signal is simply due to the impurities
only, (ii) the very locality of the Auger phenomenon, and (iii) a simple and general relationship between the
spin polarization and the magnetic moment of the impurity which we show to be independent of the metal host.
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I. INTRODUCTION

The core-valence-valence (CVV) Auger electron spectros-
copy has shown itself capable of detecting spin-polarized
electrons. The first experiment was performed on a ferro-
magnetic glass.! In this case the spin polarization of the Au-
ger electron was ascribed to the Fe atoms. Later it was dem-
onstrated that a spin asymmetry of the Auger electron may
not only be derived from that of a magnetic sample, but also
by the polarization properties of the incident primary elec-
tron or by the helicity of the impinging light radiation, which
creates the initial core hole.>? Theoretical results extend
from the self-consistent studies of the Auger spin-polarized
electrons from a K surface* to the relativistic Korringa-
Kohn-Rostoker calculations of Auger spin-polarized spectra,
within a density-functional theory (DFT) approach and in-
cluding spin-orbit coupling, performed for paramagnetic Pd
and ferromagnetic Fe,’ to studies by the Hubbard model.®

For several alloy systems with 3d impurities, the emitted
electrons could be spin polarized, and indeed polarized Bo-
ron electrons have been detected by spin-resolved photo-
emission in Co-B and Fe-B alloys.” Auger spectroscopy is a
widespread method also to analyze such systems. However,
in most of Auger spectroscopy experiments this technique is
not exploited to measure spin polarization of the secondary
electrons, but only to probe the composition and the structure
of the sample during growth with no spin resolution. For
example, see the very recent studies of ferromagnetic alloy
films of transition metals.®® For quasicrystals such as Al-rich
alloys with low concentration of Mn impurities, diamagne-
tism, paramagnetism, ferromagnetism and spin-glass behav-
ior have been reported for different AIMn phases.'®!! These
investigations have been coupled to DFT calculations of the
interaction energies among 3d or 4d impurities in Al-rich
alloys.'> Recent DFT studies carried out for 3d and 4d im-
purities in transition metals'3 and Si,'* emphasize the interest
for such systems.

Since theoretical investigations within a first-principles
framework on spin-polarized Auger electrons from metal al-
loys seem lacking, to our knowledge, in this work we wish to
present a systematic theoretical study of the Auger core-
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valence-valence spectra of 3d impurities in simple enough
metals. Our approach is based on the golden rule expression
for the transition rate, the DFT framework, and the Green’s
function embedding approach for computing the electronic
properties of the system.!> The substrate is described by jel-
lium. This simple model is able to capture general trends in
several systems. For the systems under investigation we be-
lieve that this model does not oversimplify the substrate for
Al and Mg, while its lack of d electrons should not affect the
main qualitative trends of the results for noble metal hosts.
We find that 34 impurities in simple and noble metals eject
Auger electrons which are spin polarized. The relationship
between the impurity magnetic moment and total spin polar-
ization of the Auger electrons is worked out and the result is
independent of the substrate.

The paper is organized as follows. In Sec. II we shall
outline the theory, in Sec. III we shall present the model
system, while Sec. IV deals with the calculated Auger spec-
tra. Finally, Sec. V will be devoted to conclusions.

II. THEORY

In order to calculate the CVV Auger spectrum from mag-
netic impurities diluted in metal hosts, we make use of the
two step model which neglects the coupling between the
creation of the initial core hole and the successive Auger
de-excitation, and it is valid for a long living core hole.'® We
concentrate on the second step of the process, i.e., the decay
of a valence electron on the core state and the emission of the
Auger electron. We use the Fermi golden rule to write down
the transition probabilities and assume that the initial state
consists of one core hole in the Fermi sea and the final one of
two valence holes plus the unbounded Auger electron.

If one takes into account the spin degrees of freedom, it is
possible to consider four different elementary processes dis-
played in Fig. 1. On the left of the vertical dashed line all the
electronic states, the core, the Auger, and the valence major-
ity ones exhibit spin up, while on the right all states have
spin down, the valence ones referring to the minority popu-
lation. The black balls represent initially empty electronic
states, while the white ones initially occupied states. The
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FIG. 1. Different processes contributing to the Auger rate.

process 1 (and 3) differs from 2 (and 4) only via a spin-flip
of all the electrons involved in the de-excitation. Conse-
quently for nonmagnetic systems processes 1 and 2 are com-
pletely equivalent as well as processes 3 and 4. On the other
hand, for magnetic systems, processes 1 and 2 probe the two
spin populations in a different way, while processes 3 and 4
involve only one spin component, the majority and the mi-
nority one for process 3 and 4, respectively.

Looking at processes 1 and 2, one observes that the spins
of the two valence electrons involved in the de-excitation are
antiparallel. They are instead parallel in processes 3 and 4.
Due to the Pauli exclusion principle one expects that the
probability density to find two electrons with parallel spin
near the nucleus of the impurity will be lower than that for
two electrons with antiparallel spin. Consequently, processes
3 and 4 will give smaller contributions to the Auger rate than
1 and 2.

For the present treatment, we neglect the interaction be-
tween the two valence holes in the final state. This is a good
approximation for systems with delocalized valence states.
Hole-hole interaction effects, such as multiplet structures in
the Auger spectra, are relevant to the line shape for narrower
bands, including some of the cases discussed in the follow-
ing. For closed shell systems the on-site interaction can be
treated within a two particle Dyson’s equation Green’s func-
tion formalism'”-'® and has been recently implemented in an
ab initio scheme.'® However, in such an approach the proper
evaluation of matrix elements, which is crucial to the present
work, is so far replaced by atomic results. By using an
independent-particle approximation some of the spectra
shown in the following will describe experimental results
only qualitatively. However, we expect energy-integrated
quantities such as the total Auger rate to be well represented.

In order to calculate the transition probabilities PUC(EG%)
from the core state of energy E, and spin o, to the Auger
electron state of energy E, and spin g, we follow the ap-
proach introduced in Ref. 20 and later developed for meta-
stable de-excitation spectroscopy (MDS) within the embed-
ding framework.?! In short we assume that an electron with
spin o is removed from the impurity core level and write
down the Auger CVV transition rates by using the golden
rule. We distinguish between transitions with opposite and
same spins for the core and Auger electron:

PU(EaE') = 4772 f dlga|Ma6,ca,vo,v’6'|2
v’

X5(Ea5'+Eco'_EU0'_Ev’E')’ (1)
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A 2
PU(EaO') = 277—2 f dka|MuU,L'0',U0',U’a' - Maa,co’,v’o’,vo"
!
v,V

XONE,o+Eco—Epye—Eyrg), (2)

where 6=-a0, Ea0=k§/2 is the energy of the Auger electron,
and E,, that of a valence electron of spin o. In Egs. (1) and
(2), reported in Hartree atomic units, the Coulomb matrix
elements are given by

/() ¢Z(r1) Py (r3) ‘/’:(1‘2)

) — 1y

MA,C,V,V’:fdrler 3)
In Eq. (3), ¢4 describes the wave function of the Auger elec-
tron, ¢ the orbital of the initial core hole, and ¢, and ¢y,
are the final valence state hole wave functions, all of them
containing their spin vector. Such wave functions are evalu-
ated within the DFT by solving the Kohn-Sham (KS) equa-
tion in the local spin-density approximation. They are
worked out applying the final state rule in which the system
is described in its ground state.?? The initial and final states
are taken as single Slater determinants.

The Auger processes involving two electrons with oppo-
site spins, processes 1 and 2 in Fig. 1, are described by the
matrix element in Eq. (1). They normally dominate with re-
spect to processes 3 and 4, which instead refer to parallel
valence spins. Their rates are defined by Eq. (2) which con-
tains an interference term due to the antisymmetric configu-
rational part of the wave function.

III. MAGNETIC IMPURITIES IN SIMPLE METALS:
MODEL SYSTEM

We solve the KS equation for a single impurity in infinite
jellium which is characterized by the proper valence charge

density p—i of the real system. We make use of the

4}
Green’s function embedding approach?2* and we perform
an all-electron calculation upon expansion on a linearized
augmented plane waves (LAPW) basis set.?

The removal of a substrate atom is obtained by creating a
spherical vacancy of radius 7ys=13Zy,7, (Z,, being the num-
ber of the host valence electrons) in the positive jellium
background. The KS equations are solved in a spherical re-
gion of radius equal to 7 ap (a, being the Bohr radius),
which contains essentially all the perturbation induced by the
atomic impurity. All computational parameters (kinetic en-
ergy cutoff, number of spherical waves, etc.) have been veri-
fied to give fully convergent results.

In order to present a wide phenomenology of the mag-
netic behaviors, we choose the magnetic 3d impurities
hosted by different simple and noble metals. Explicitly, we
consider V, Cr, Mn, Fe, and Co impurities in Al, Mg, Cu, and
Ag hosts, whose relevant parameters are reported in Table 1.
For the purposes of the present paper, it is relevant to look at
the density of states (DOS) in the impurity atomic region. In
Fig. 2 some results spanning the most representative systems
are reported. Observe the smooth structure of the majority
and minority DOS calculated in a sphere of radius 3 a,
around the impurity. The DOS’s computed in denser elec-
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TABLE I. Main parameters used to describe the metal hosts.

Host Ag Mg Cu Al
ry(ap) 3.02 2.66 2.67 2.07
Zyal 1 2 1 3
Fws(@p) 3.02 3.35 2.67 2.98
Bandwidth (eV) 5.49 7.08 7.03 11.69

tronic substrates such as Al are broader while the peaks of
the majority and minority spin contributions get closer.
Moreover, the relevance of the exchange contribution is re-
flected in the separation of the peaks. While the d band,
neglected by jellium, influences the properties of noble metal
hosts, nevertheless the impurity resonances do not overlap
the energy region of such band in most cases. This warrants
the use of such a simple model for the aims of this paper.
In Table II we display our calculated magnetic moments,
Mioe> Of the selected systems starting from the Ag substrate,
in which the 3d impurities present the largest u;,. due to the
relatively small electron density of the metal host, up to the
densest Al substrate. Note a few systems with no spin asym-
metry. The magnetic moments are reported in units of Bohr
magnetons up and are worked out within the Wigner Seitz
sphere V of radius r,, using the following equation:

Ep
Mioc = J d3l’f dE[pT(l',E) - Pl(r,E)], (4)
sz -

being p?(r,E) the local DOS per spin o, and E the Fermi
level. Comparisons with previously reported values of ..
are overall very good.?

IV. SPIN-DEPENDENT AUGER SPECTRA

We will consider the M VV transition in which the initial
core hole is in the 3s level. This transition is easier to treat
than those involving core states with higher angular momen-
tum but still allows one to study the effect of the magnetiza-
tion of the impurity on the Auger spectrum. Also it presents
a larger exchange splitting in the core state than that of the
lower-s core ones (K, and L,).

We discuss now the calculated M,VV Auger spectra for
each process reported in Fig. 1 for V, Cr, Mn, Fe, and Co,
whose DOS’s are plotted in Fig. 2. Results are shown in Fig.
3. We point out that, once the spin direction of the electron
removed from the core is fixed, the spin-resolved Auger
spectrum shows a strong asymmetry, both for magnetic and
nonmagnetic systems. The latter one is, for example, Co in
Al, which we examine first. Indeed, as previously pointed
out, P,(E,s) (processes 1 and 2) is much larger than P(E,,)
(processes 3 and 4), whose squared matrix elements are re-
duced by interference, as already pointed out. This effect is
larger for narrower bands, eventually leading to a null rate in
the limiting case of sharp atomic states. Since the system is
nonmagnetic, the Auger rates for processes 1 and 2 are iden-
tical, as well as those for processes 3 and 4. Before discuss-
ing the Auger rate for magnetic systems, we would like to
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FIG. 2. Density of states of selected 3d impurities in different
metals calculated in a sphere of radius 3 a,. The energy reference is
the Fermi level.

mention that the line shape for P, (E,5) may be described by
the convolution of the DOS integrated in suitable volumes,
following a common approach due first to Lander,>’?° but
that of P,(E,,) requires a full calculation of the matrix ele-
ments as in the present work.
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TABLE II. Local magnetic moments for various impurities in
different metal hosts in units of the Bohr magneton.

Impurity Ag Mg Cu Al

v 3.22 3.02 2.44 0.00
Cr 4.23 4.12 3.48 1.95
Mn 4.06 3.96 3.31 2.27
Fe 2.85 275 2.19 1.19
Co 1.39 1.24 0.00 0.00

For magnetic systems, the transition rates are no longer
symmetric with respect to a spin-flip of the core and Auger
electrons. In particular, we consider Cr in Ag, which is the
most magnetic of the investigated systems. Similar observa-
tions will hold for other cases, though to a reduced extent. A
few considerations follow from the inspection of Fig. 3.
First, the rates for processes 1 and 2 are different, the latter
getting smaller than the former. This is due to the different
matrix elements, |M; .|, 4> for process 1 and
|Mai,cT,vT,v’L|2 for process 2. Second, process 4 is nearly sup-
pressed, since it involves two electrons belonging to the mi-
nority spin population, while the opposite occurs for process
3 which two majority spin electrons participate to. Finally,
only for this specific case, process 3 is enhanced as much as
to become comparable to process 2. It is noteworthy that the
interference effects tend to suppress the transition rate of
processes 3 and 4 only for an initial s core level, while they
solely reduce the contributions of such processes if the core
hole is created in a p shell (not shown here).

In order to compare the calculated rates P(E,,s) with the
measured spectra, the former must incorporate a broadening
due to the hole-lifetime and to experimental resolution; in
particular M, core holes undergo Coster-Kronig M -M, ;X
transitions that lead to natural widths of 2 eV order.>® This
broadening will affect the line shape of a measured spectrum
in an obvious way, while it does not modify any quantity
which is energy integrated (such as the total spin polariza-
tion, defined later). From the experimental point of view,
once the macroscopic magnetization of the sample is fixed,
we can ionize the core level in two ways (or combinations of
the two): by removing the core state electrons either select-
ing its spin or not. The former result can be achieved by a
suitable probe, for example a photon with fixed helicity. A
coincidence measurement between the photoelectron and the
Auger electron could provide the same evidence. The latter
result can be achieved by an impinging electron beam which
is not selective to the spin of the core electrons. Conse-
quently in Fig. 3 the curves represent for each impurity the
spin-resolved contributions to the Auger spectrum. Accord-
ing to the experiment, suitable combinations of such four
basic rates will be measured.’! If the same population of
spin-up and spin-down core holes is created by the probe, it
is necessary to sum up the decays due to the various pro-
cesses contributing to the Auger electrons of the same spin.

In other words the two spin signals are given by summing
the rates (reported in Fig. 3) 1 plus 3 and 2 plus 4, respec-
tively. This determines the de-excitation rate, for a fixed spin
of the Auger electron, shown in Fig. 4 and defined as
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FIG. 3. CVV Auger transition rates for each process reported in
Fig. 1. The energy is given with reference to that of the core state.
For details see the text.

P(Eau) = 7)(J'(E‘au') + P(?(Eau') . (5)

Note that to plot the rate as function of the emitted elec-
tron energy, one must take into account two different spin-
dependent energies of the 3s core states in the energy con-
servation in Egs. (1) and (2). So the core level energy
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FIG. 4. Auger rate, P(E,,), for both majority (solid line) and
minority (dashed line) spins. The energy is given with reference to
that of the majority spin core state.

spitting will be found in the Auger electrons.

For a nearly closed valence shell system (Co in Al), hence
with no magnetic moment, the two line shapes for P(E,;)
and P(E,) superimpose. As the system gets more and more
magnetic, the difference between the Auger spectra for the
two spin components becomes more and more evident start-
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TABLE III. Spin polarization [see Eq. (7)] of the Auger elec-
trons for various impurities and metal hosts (in percentage).

Impurity Ag Mg Cu Al

\Y 52.8 43.8 345 0.0
Cr 54.4 47.5 36.9 13.8
Mn 29.4 26.4 19.2 9.0
Fe 3.7 2.6 3.4 0.8
Co -1.4 -1.8 0.0 0.0

ing from Fe in Cu. In this case the main feature is the energy
splitting of the main Auger peak, but moving upward in Fig.
4 both the intensity and the line shape differ more signifi-
cantly. As previously pointed out the most magnetic of the
investigated systems is represented by Cr in Ag. In this case
the line shape of the Auger spectrum is more structured and
in Fig. 4 the valence states contributing to the spin-up peaks
are also reported.

In order to quantify the amount of total spin polarization
of the Auger spectra, we use the following quantity, 17,*
evaluated by integrating the spin-polarized rates:

I"=deMP(EM), (6)
over the energy of the emitted electron and define the spin
polarization by

=
EYa

)

This quantity (in percentage) is reported in Table III for all
systems considered in Table II.

Indeed it can be very large. For example see that for V
and Cr impurities in metal host of lower density. On the other
hand, the small magnitude of the polarization for Fe and Co
suggests that a measurement of such a quantity might not be
sensitive enough to detect any spin asymmetry.

A quantitative comparison of the results of the impurity
magnetic moment in Table II with those of the total spin
polarization presented in Table III shows that there is no
intuitive way to relate them. But if we take into account the
rescaled quantity with respect to the number of impurity d
valence electrons, i.e., w,./ Ny we can work out a meaning-
ful relationship between the magnetic moment and the spin
polarization of the Auger spectrum of different atoms in each
substrate. Such a dependence is reported in Fig. 5. Here we
can appreciate a general trend for transitions involving s core
states for all substrates (this generality is of great relevance
since it suggests that this correlation is independent of the
chosen host and further justifies a posteriori the use of a
simple jellium model for the substrate), i.e., ../ N, being
proportional to the square root of the polarization:

Mioc
d

~ 1.45YS. (8)

Here the functional dependence has been chosen for simplic-
ity. A direct proportionality between w,./N; and S may be
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FIG. 5. Correlation between the spin polarization of the Auger
electrons and the magnetic moment. The dashed line is the expres-
sion given in Eq. (8).

expected using the Lander approach,”’ namely, that the Au-
ger rates are given by the convolution of the DOS’s. The
effect of process 3 which becomes more relevant for mag-
netic systems acts to deviate the relationship between
Mo/ Ny and S from a linear behavior and can be suitably
fitted by Eq. (8). Hence we can provide an estimate of the
impurity magnetic moment from a measurement of the po-
larization of the Auger signal by taking its square root and
multiplying it times the number of impurity d electrons. The
error on the rescaled magnetic moment is smaller than
0.05 wp in all cases where the polarization is relevant.

V. DISCUSSION AND CONCLUSIONS

In this paper we studied the spin-polarized CVV Auger
spectra from 3d impurities diluted in simple metal hosts. The
electronic properties of these systems have been worked out
in the DFT framework and the two particle wave functions
have been built using a single Slater determinant of KS or-
bitals. The golden rule has been applied to calculate the tran-
sition rates, also taking into account the spin degrees of free-
dom. This generalization has allowed us to correctly consider
the interference term, as in previous works about the de-
excitation of metastable helium (MDS),?!3> which can play a

PHYSICAL REVIEW B 79, 165115 (2009)

significant role in determining the Auger spectrum.

First we analyzed the spin dependence of the Auger spec-
tra for nonmagnetic systems, for a removed core electron of
fixed spin.’® Second, for magnetic 3d impurities diluted in
metals, we have calculated the spin-resolved Auger spectra,
either for spin selective core ionization or not.

The structure of the Auger line shapes can be affected by
the simple jellium model adopted for the substrate, and by
the single particle approach, which does not include the in-
teraction between the two valence holes. Conversely, the en-
ergy integrated quantities such as the polarization of the
emitted Auger electrons are more reliable. The main contri-
bution of this paper is the suggestion of a simple relationship
between such a polarization and the magnetic moment of the
impurity which is fairly well satisfied by our systems and it
is independent of the metal host.

Because of the very locality of the Auger process with
respect to other photoemission techniques, one can access
the valence electronic and magnetic properties of very di-
luted impurities. In this context, a very important goal is to
measure the magnetic moment of the impurities. To this end
our results suggest the following procedure. By looking at
the kinetic energy spectrum corresponding to a specific Au-
ger transition, one selects univocally the atomic species.
Next, by measuring the polarization of the Auger electrons
one should be able to get a good estimate of the magnetic
moment using the proposed relationship between these two
quantities.

In order to compare our results with experiments one
must be aware of the assumption that the sample is globally
magnetized, i.e., with majority spin components aligned. In
metals this could be hardly obtained, especially for diluted
alloys where the macroscopic magnetic field may be negli-
gible. On the other hand, the anisotropy on the metal sur-
faces is able to align the magnetic moments of atomic impu-
rities and thin adlayers and this suggests one to consider
these systems in the experimental investigations. The more
promising technique in detecting the spin polarization of the
Auger electrons is the Auger photoelectron coincidence
spectroscopy.®* In fact it looks to be extremely surface sen-
sitive, it is able to strongly reduce the signal from the sec-
ondary electrons, and it can correlate the photoelectron with
the Auger electron via their spins, angles, and energies.?
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